A model that considers combined effects of the interfacial energy and the magnetic anisotropy energy is proposed to examine development of the crystallographically aligned microstructure during annealing under a magnetic field. For ferromagnetic materials with rather large magnetic anisotropy energies, the model indicates the coarsening can take place in accordance with the magnetic anisotropy. The grain with favorite orientation survive during annealing, resulting in the alignment. The narrow distribution in the grain diameters significantly improves the alignment by coarsening. For Paramagnetic and diamagnetic materials, the coarsening is also effective to develop the aligned microstructures when low degree of the alignment can be achieved by using a magnetic field in the initial microstructure prior to the coarsening.
Introduction
Development of the crystallographically aligned or textured microstructures often improves materials properties. It has been recognized that high magnetic fields can be a powerful tool to achieve the crystallographically aligned microstructure (referred to the aligned structure) even for paramagnetic and diamagnetic materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] For example, a number of studies have been done for high Tc superconductors. [1] [2] [3] [4] [5] [6] [7] [8] The aligned structure was produced by using anisotropy of the magnetic susceptibility. Magnetic alignment of Y-Ba-Cu-O particles was obtained in suspension of organic substances.
3) Rango et al. 4) demonstrated that magnetically aligned structure of Y-Ba-Cu-O systems could be obtained by melt processing under a magnetic field.
It was also reported that the solid state processing could produce the aligned microstructures. The aligned microstructures in Bi-Mn alloys were produced by coarsening process under a magnetic field. 9, 10) The BiMn compound exhibits large magnetic anisotropy energy. 11) In the rapidly solidified Bi-20 at%Mn specimens, the BiMn grains whose radii range from 0.5 mm to several mm were uniformly distributed in the Bi matrix, and no alignment of the crystallographic orientation was observed. Coarsening of the BiMn grains in the solid Bi matrix occurred during annealing and the BiMn grains with the favorite orientation preferably survived in a magnetic field. As a result of the selection, the alignment was achieved by coarsening. On the other hand, no alignment of Co-rich grains with smaller magnetic anisotropy energy was observed in the rapidly solidified Cu-Co alloys, while annealing in the solid state induced the shape anisotropy of the Co grains. 12) Detail mechanism for the grain alignment has not been proposed in terms of thermodynamics and kinetics so far.
The aligned microstructures were also obtained by sintering for some ceramics such as TiO 2 , Al 2 O 3 [13] [14] [15] and apatitebased materials. 16) Magnetic anisotropy energies of the ceramic materials are very small even at a magnetic field of 10 T, comparing to that of the ferromagnetic materials.
Annealing following slip casting in a magnetic field achieved the aligned microstructure. In their procedures, [13] [14] [15] a slight alignment was obtained in the green solid produced by compacting the suspension under a magnetic field. The annealing improved degree of the alignment even if the magnetic filed was not imposed during sintering. The results suggested that the initial structure prior to annealing played an important role to achieve the alignment during annealing. However, there is still ambiguity on the alignment mechanism.
According to the experimental results, [9] [10] [11] [12] [13] [14] [15] [16] the alignment induced during coarsening is classified into two cases. The first case is that the alignment of ferromagnetic materials with large magnetic anisotropy energies (i.e. BiMn) is achieved by annealing uniform microstructure, where no alignment is initially observed, in a magnetic field. In this case, the magnetic anisotropy seems to directly contribute to the coarsening mechanism. The second case is that the alignment of paramagnetic and diamagnetic materials is improved during the coarsening. For paramagnetic and diamagnetic materials (i.e. TiO 2 and Al 2 O 3 ), the magnetic anisotropy energy is extremely small, comparing with the interfacial energy for the fine grains. Thus, the interfacial energy dominantly controls the coarsening mechanism. The magnetic anisotropy can affect microstructures of the green solid prior to the annealing. It is of interest to study how a magnetic field contributes to the alignment during coarsening for both of the cases.
First, this paper presents thermodynamics and kinetics for coarsening of the grains dispersed in the matrix under a magnetic field. Second, the coarsening of ferromagnetic materials with large magnetic anisotropy energies is examined by numerical calculation based on the proposed model. Finally, the effect of the microstructure prior to annealing is presented to understand the alignment for paramagnetic and diamagnetic materials.
Coarsening Model for the Magnetic Alignment

Grain Coarsening under a magnetic field
The coarsening model generally uses the mean field of solute concentration in the matrix. 17, 18) In the model, the volume fraction of the coarsening phase tends to be zero and the diffusion equation in the steady state is introduced for mass transfer. Namely, an isolated grain is placed in mean field of the matrix, and the solute transfer describes the coarsening of the grain. The solute concentration at the interface between the grain and the matrix is subject to the Gibbs-Thomson boundary condition, and the concentration far from the grain is given by the mean concentration of the matrix. The coarsening kinetics is generally characterized by the cubic law that is the proportional relation between the holding time and the cube of the mean radius of particles. 17, 18) It was pointed out that significant departures of the cubic law was observed when the dispersed phase is the majority phase and coalescence events dominate the growth process. 19) However, the cubic law was still observed when the dispersed phase is the minority phase. 20) Volume fraction of the BiMn compound in the Bi-20 at%Mn alloys where the aligned structure was observed by coarsening 9, 10) is approximately 35%. Thus, the mean field model does not cause serious problems to an examination of the coarsening in the Bi-Mn alloy. Moreover, the effect of the magnetic anisotropy energy is easily involved as well as the effect of curvature in the mean field model. Therefore, coarsening of the grains is numerically examined by using the mean field model in this study. Figure 1 (a) shows a schematic illustration of the grain coarsening under consideration. A compound phase is randomly distributed as grains in the matrix phase (the arrows indicate the easy magnetization direction). The concentration of the matrix at the interface between the matrix and the compound is affected by the grain size and the crystallographic orientation with respect to the magnetic field. Solute transfer takes place between the grains, and promotes growth of some grains concurrently with annihilation of some grains.
Concentration dependence of the free energies for the matrix and the compound is shown in Fig. 1(b) . Here, it is assumed that the compound has a narrow solubility range and the concentration of the compound is constant. The tangential lines give the matrix concentration which is in equilibrium with the compound. The interfacial energy and the magnetic anisotropy energy results in the free energy change of the compound. As shown in the figure, the solute concentration of the matrix at the interface decreases with decrease in free energy of the compound. Thus, solute diffuses from grains with higher free energy to the grains with lower free energy.
The present model considers the coarsening of the isolated grains by the solute diffusion through the matrix. In the case of sintering of single-phase such as Al 2 O 3 particles, the matrix does not isolate the particles from each other and the coarsening is not controlled by the solute diffusion thought the matrix. However, the interfacial energy and the magnetic anisotropy energy will similarly contribute to the singlephase sintering as well as the coarsening of grains in the matrix. The results obtained by the present model are useful to understand the alignment by the sintering of the single phase, although a different kinetic model is required to evaluate the coarsening rate precisely.
2.2 Effect of the interfacial energy and the magnetic energy on the free energy It is required to evaluate the concentration change due to the interfacial energy and the magnetic anisotropy energy as shown in Fig. 1(b) . In this study, uni-axial anisotropy in the magnetic energy is considered. The free energy of a grain is obtained by using the free energy in the reference state (G 0 comp ) and the extra energy (ÁG m ) due to the interfacial energy and the magnetic anisotropy energy. The uni-axial anisotropy per unit volume is approximately expressed by ÁE mag sin 2 , when one considers symmetry of the uni-axial anisotropy. Here, ÁE mag is the magnetic energy difference between the easy magnetization direction and the perpendicular direction, and is the angle between the easy magnetization direction and the magnetic field. By defining ¼ ref as the standard state, the free energy of the spherical grain (radius: r) is given by
Here, v m is mole volume of the compound and is the interfacial energy. solute concentration of the matrix in equilibrium with the compound, but does not change results of the coarsening. The free energy difference due to the interfacial energy and the magnetic energy is given by
The magnitude of the magnetic anisotropy energy, ÁE mag , is expressed by using the magnetic anisotropy energy, K u , for the ferromagnetic materials.
In the case of the ferromagnetic materials, intensity of the magnetic filed does not explicitly appear in the magnetic anisotropy energy when the imposed magnetic field is sufficiently large to saturate the magnetization in any direction. If the imposed magnetic filed is not sufficiently high to saturate the magnetization, apparent magnetic anisotropy energy becomes smaller than the intrinsic magnetic anisotropy energy. For paramagnetic and diamagnetic materials, the magnitude is given by the following equation.
Here, Á is the difference of magnetic susceptibilities in the easy and the difficult magnetization directions and H is intensity of the magnetic field. Equation (2) indicates that contribution of the magnetic anisotropy energy to the grain coarsening is effective when ÁE mag is comparable to the first term, 3=r, or is larger than it. Since is generally of the order of 10 À1 J/m 2 for metallic alloys, the first term is approximately estimated to be of the order of 10 4 J/m 3 for grains with a diameter of 10 mm. The magnetic anisotropy energy for ferromagnetic materials can be comparable to the magnitude of the first term. However, the magnetic anisotropy energy given by eq. (3b) is hardly comparable for paramagnetic and diamagnetic materials under a magnetic field up to 10 T. The estimation suggests that the magnetic anisotropy energy can directly affect the coarsening process for ferromagnetic materials with high magnetic anisotropy energies.
Thermodynamic equilibrium between the matrix
and the compound It is required to estimate the solute diffusion between the grains and the matrix, when one considers the coarsening as shown in Fig. 1(a) . The solute concentration of the matrix phase at the interface, which depends on the radius and the crystallographic orientation with respect to a magnetic field, promotes the solute diffusion. In this section, the concentration of the matrix phase is examined in terms of the grain size and the crystallographic orientation.
The free energy of the matrix phase, G matrix , is estimated by treating the matrix phase as a regular solution.
C B is solute concentration. (4) gives the following equations,
As shown in Fig. 1 , the free energy difference due to the interfacial energy and the magnetic energy is expressed by
Thus, eqs. (2) and (7) give the concentration deviation, , from the reference state.
Equation (8) indicates the effect of the interfacial energy and the magnetic anisotropy energy on the solute concentration at the interface, that is apparently a driving force for the coarsening of the grains. The concentration deviation, , is estimated by using physical properties of Bi-Mn system, since the alignment of BiMn compound was observed, when the rapidly solidified Bi-Mn alloys were annealed under a magnetic field. 9,10) Table 1 lists physical properties used for the estimation. The interfacial energy is assumed to be 0.1 J/m 2 . Since the interaction parameter, , is typically of the order of 10 5 J/m 3 for metallic alloys, the parameter, B, is assumed to be 10 6 J/ m 3 . Figure 2 shows the concentration deviation as a function of the grain radius and the angle between the easy magnetization direction and the magnetic field. The iso-solutal lines tend to lie horizontally at r < 10 À6 m, indicating the effect of curvature dominantly contributes to the coarsening. On the other hand, the iso-solutal lines are vertically aligned at r > 10 À5 m. The vertical alignment indicates that the coarsening is controlled by the magnetic anisotropy. Table 1 Physical properties of Bi-Mn system. Figure 3 shows a schematic illustration of grains dispersed in the matrix. When the grains are randomly distributed as seen in Fig. 3(a) , the solute transfer to the grain deviates from isotropic transfer around the spherical grain due to the solute transfer to the neighboring grains. In the mean filed model, the grains are isolated from each other by the matrix (mean field) and the solute transfer between a grain and the mean field is considered as seen in Fig. 3(b) . Namely, the interaction between the grains is not explicitly included in the present study. Solute diffusion from a grain surface to the mean field is estimated by introducing the diffusion layer around the spherical grain. It is assumed that the concentration outside the spherical diffusion layer is the mean concentration of the matrix. Although the thickness of the diffusion layer can be infinity in the mean field model, a finite value of the thickness is used as defined below. The finite value somewhat correlates the effect of the volume fraction of the grains in this study.
Kinetics of the grain coarsening
The thickness of the diffusion layer for the i-th grain (radius: r i ) is given by R À r i . The R is defined by a following equation.
V all is whole volume including the grains and the matrix and N is number of the remaining grains. At the steady state diffusion, D@ðr 2 ð@C=@rÞÞ=@r ¼ 0 has to be satisfied in spherical coordination. D is solute diffusion coefficient. The solute concentration profile, CðrÞ, also satisfies the boundary condition of Cðr i Þ ¼ C i and CðRÞ ¼ C m . C i is the solute concentration at the interface between the grain and the matrix, which is obtained by C 0 þ (eq. (8)). C m is the solute concentration of the mean field. Thus, amount of the solute transfer from the i-th grain, J i , is given by using the concentration profile,
By using eq. (10), growth rate of the i-th grain is evaluated by
Since amount of the solute transferred from the grains to the matrix is P J i and volume of the matrix is V all ð1 À f v Þ, the solute concentration change of the matrix is evaluated by
Here, f v is the volume fraction of the grains. In the calculation, the f v is calculated by following equation.
Degree of the grain alignment is evaluated by the average angle between the easy magnetization direction and the Table 1 . The average angle was weighted by volume of the grains. For simplicity, a certain number of the grains are generated and coarsening of the given grains is numerically examined.
Results and Discussion
Coarsening due to the magnetic anisotropy
In the case of Bi-Mn alloys, 9,10) the alignment of c-axis parallel to the magnetic field was observed when the rapidly solidified specimens were annealed. In the rapidly solidified specimens, the fine BiMn grains whose diameter ranged from 0.5 mm to several mm were uniformly distributed in the Bi matrix. To demonstrate the coarsening behavior and to understand how the microstructure at the initial state affects the alignment, coarsening of the grains with the magnetic anisotropy was numerically examined.
In the calculation, 2000 grains were generated in advance. Radii of the generated grains obeyed the Gaussian distribution (average radius: r avr , and standard deviation: ). Considering the angles ranging from and þ d, the corresponding solid angle is 2 sin d. Thus, for the random distribution, probability of the angle between the easy magnetization direction and the magnetic field was given by using eq. (15).
The average angle for the random distribution is approximately 59 deg. Figure 4 shows time evolution of the number, the average radius and the average angle calculated by using the physical properties in Table 1 . In the experiment, 11) the average radius of the BiMn grains after annealing for 48 h became 5 times lager than the initial radius, indicating that 1/125 of the initial grains remained. The calculated result using a diffusivity of 10 À11 m/s 2 coincides with the experimental result. As shown in Fig. 4(b) , the average angle decreased as number of the grains decreased. Since some of physical properties such as the interfacial energy and the interaction parameter are assumed values from available data for other alloy systems, there is still ambiguity in the quantitative analysis. However, the calculated result proves that the alignment can be achieved due to the magnetic anisotropy of the ferromagnetic materials.
In practice, it is important to control the microstructure which is convenient for the grain alignment. Figure 5 shows the radius and the angle during the coarsening with different radius distribution. The left side is the calculated result for the narrow distribution (r avr ¼ 0:5 mm, ¼ 0:15 mm), while the right side shows that for the broad distribution (r avr ¼ 0:5 mm, ¼ 0:5 mm). In the case of the narrow distribution, ¼ 0:15 mm, the grains with > 60 deg were not observed and the radius tends to decrease with increase in the angle after annealing for 1 h. After annealing for 24 h, only the grains with < 20 deg remain. On the other hand, the grains with > 20 deg is still observed at 24 h in the case of ¼ 0:5 mm. Figure 6 shows time evolution of number and the average angle of the remaining grains during the annealing. For the specimen with the initial radius of 0.5 mm, number of the remained grain for the narrow distribution ( ¼ 0:15 mm) rapidly decreases in comparison with the broad distribution ( ¼ 0:5 mm). The rapid disappearance of the grains with the larger angles results in the high degree of the alignment. For the specimens with the average radius of 2 mm, the degree of the alignment for the narrow distribution becomes higher than that for the broad distribution. However, the degrees of the alignment for r avr ¼ 2 mm was lower than those for r avr ¼ 0:5 mm. Figure 7 shows the radius and the angle during the coarsening by using K u ¼ 63 kJ/m 3 , which is 10 times smaller than that of BiMn compound. Other physical properties are the same as those in Table 1 . Comparing to Fig. 5 , degree of the alignment was relatively low for K u ¼ 63 kJ/m 3 . The calculated results for ¼ 0:15 mm, shown in the right side, indicates that more than half of the remaining grains still exhibit > 20 deg. In contrast, the alignment is sufficiently achieved in the case of ¼ 0:01 mm after annealing for 24 h.
The calculated results indicate that dispersion of the fine grains with a narrow distribution is significantly effective to achieve the high degree of the grain alignment. In addition, any alignment in the initial structure is not required for the Formation of Crystallographically Aligned Grains during Coarsening in a Magnetic Field 2559 alignment due to the magnetic anisotropy energy.
3.2 Effect of the initial structure on the alignment during coarsening For diamagnetic ceramics such as TiO 2 and Al 2 O 3 , the compacts with a low degree of the alignment were prepared by slip casting under magnetic fields and the degree of the alignment increased by sintering. [13] [14] [15] The studies [13] [14] [15] proposed the alternative processing for the aligned structure of materials with rather small magnetic anisotropy. Thus, it is interesting to examine the alignment in the green specimen prepared at room temperature under a magnetic field and the evolution of the alignment during annealing without a magnetic field. Number of the initial grains is 2000. The initial radius for the grains obeys the Gaussian distribution (r avr ¼ 2 mm and ¼ 0:5 mm). It was assumed that the angle between the easy magnetization direction and the magnetic field obeys Bolztman's distribution. Thus, the distribution function was determined by using following equations. Here,
The angle distribution supposes that the grains suspended in a fluid freely rotate. It should be emphasized that, in practice, to suspend the particles freely becomes important to achieve the angle distribution expressed by eq. (16) . A parameter defined by ÁE mag ð4r 3 avr =3Þ=kT, which is a ratio of the magnetic anisotropy energy of the average grain size to the thermal energy kT, is used to examine the effect of the magnetic anisotropy. Since the exponential term in eq. (16) contains the radius for each grain, the angle distribution depends on the distribution in the radii.
As expressed in eq. (16), only the grains with small angles are obtained if is much higher than unity. However, when is fewer than 10, the effect of the magnetic anisotropy on the angle distribution is not remarkable. For most paramagnetic and diamagnetic materials, values of are relatively small. Thus, it is of interest to examine the effect of the magnetic anisotropy when the ranges from 0 to 10. Figure 8 shows the radius and the angle of the grains for ¼ 0, 2, 10. The left part shows the initial distributions. In the case of ¼ 0, any correlation between the radius and the angle was not recognized in the initial distribution. In contrast, a slight tendency that grains with larger radius tend to have smaller angles is recognized for ¼ 2. The tendency is more obvious for ¼ 10, since number of the grains with the angles less than 20 deg obviously increased at ¼ 10.
The distribution of the radius and the angle after annealing for 56 h is shown in the right side of Fig. 8 . For ¼ 0, no change in the distribution is observed after annealing for 56 h, although the grains coarsens by annealing. The angles of the remaining grains become apparently small for ¼ 2. The grains with > 40 deg annihilate during annealing for 56 h. The coarsening achieves the higher degree of the alignment for more than 0.5. Figure 9 shows relationship between the average angles and number of the remaining grains during the coarsening. Even at ¼ 0:5, the average angle at the initial state is apparently smaller than that expected in the random distribution. Moreover, the average angle in the initial state decreases as increases.
As the coarsening proceeds, the average angle for ¼ 0 does not change significantly and is almost equal to the angle expected in the random distribution. In contrast, the average angles for > 0:5 monotonically decreases as number of the remained grain decreases. The degree of the alignment obviously increases when number of the remaining grains becomes 1/10 of the initial grains ( > 0:5).
As given in eq. (2), the term due to the magnetic anisotropy energy is thermodynamically much smaller than the term due to the interfacial energy when the parameter, , ranges from 0 to 10. In this condition, the coarsening is completely controlled by the interfacial energy and only the grains with the large radii survive during the coarsening. Thus, the angle distribution of the grains with the large radii prior to the annealing significantly affects the angle distribution after the coarsening. Since degree of the alignment for the large grains is higher than those for the small grains in the compacts prepared under a magnetic field, the annealing enhances degree of the alignment.
Conclusions
This paper proposes the coarsening model that includes not only the interfacial energy but also the magnetic anisotropy Table 1 , except the magnetic anisotropy energy, K u , are used for the calculation. The average radius at the initial state is 2 mm and the standard deviation is 0.5 mm. Diffusivity of the solute is 10 À10 m/s 2 .
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energy. Time evolution of the angle and the radius is calculated by considering kinetics of the coarsening. The coarsening under a magnetic field can effectively achieve the grain alignment for ferromagnetic materials with rather large magnetic anisotropy energy. The narrow distribution in grain radius prior to the annealing significantly enhances the alignment during the coarsening and enables the alignment for materials with smaller magnetic anisotropy energy.
Effect of the initial state on the grain alignment is also examined for materials with rather small magnetic anisotropy, such as paramagnetic and diamagnetic materials. The coarsening enhances degree of the alignment when a slight alignment is achieved in the green solid by a magnetic field. The calculated results indicate that the slight alignment can be obtained even when the parameter ÁE mag ð4r 3 avr =3Þ=kT is less than unity. Thus, the coarsening the green solid with the slight alignment will be beneficial for the alignment of paramagnetic and diamagnetic materials. 
